Data for the densities, conductivities, viscosities and dielectric properties of binary mixtures of the tetrafluoroborate and the dicyanamide salts of 1-N-ethyl-3-N-methylimidazolium have been measured at 25
Introduction
Room-temperature ionic liquids (RTILs) exhibit a variety of desirable properties, such as negligible vapour pressure, which makes them interesting for various applications [1, 2, 3, 4] . In particular, the option of finetuning chemical and physical properties by an appropriate choice of cations and anions has stimulated much of the current excitement with respect to these compounds and has led to the term "designer solvents". The available property range of RTILs can be enlarged even further by using their binary mixtures as this allows continuous and simultaneous adjustment of several key properties, like viscosity, conductivity and polarity.
To date, applications of binary RTIL mixtures are scarce but, for instance, they seem to be promising replacements for organic solvents in dye-sensitized solar cells [5, 6] . One reason for their limited use so far is almost certainly the lack of data for relevant solvent properties. Only a small number of papers dealing with volumetric and transport properties [7, 8, 9 , 10] or gas solubility [11] has been published so far. Some studies using solvatochromic probes [12] and optical herterodyne-detected Raman-induced Kerr effect spectroscopy (OHD-RIKES) have also been reported [13, 14] . These last investigations showed that for some mixtures the OHD-RIKES spectra, covering 0.1 − 6 THz, were mole-fraction-weighted averages of the pure-component spectra. For other mixtures such additivity did not hold, suggesting different mixing states [13, 14] .
The present contribution reports data for the densities, conductivities, viscosities and dielectric properties of binary mixtures of 1-N-ethyl-3-Nmethylimidazolium tetrafluoroborate, [emim] [BF 4 ], and the corresponding dicyanamide, [emim] [DCA], at 25
• C. The data have been analysed in terms of their "excess" properties to infer the effects of anion exchange on the intermolecular interactions in binary mixtures of imidazolium RTILs.
Experimental Section

Materials
Two batches of [emim] [BF 4 ] were used in this study: a commercial sample (> 98 %, IoLiTec, Denzlingen, Germany, "[emim][BF 4 ]#1") and material synthesized using a previously published procedure [15] The hygroscopic RTILs were stored in a nitrogen-filled glove box and all sample handling was carried out under N 2 . Mixtures (Table 1) were prepared on an analytical balance without buoyancy correction and thus compositions were accurate to about ±0.2 % relative.
Densities, Conductivities and Viscosities
Densities, ρ, were measured with an uncertainty of ±0.05 kg m −3 using a vibrating tube densimeter (Anton Paar, Graz, Austria, DMA60/601HT). Electrical conductivities, κ, were determined with a relative uncertainty of ±0.5 % using capillary cells. For both measurements the temperature was accurate to ±0.01 ℃. Details are given elsewhere [15] and the obtained data are summarized in Table 1 .
Viscosities, η, were measured under an argon atmosphere at (25 ± 1)
• C using a CVO 120 high-resolution viscometer (Bohlin Instruments, Malvern, UK). The obtained values for the viscosities of the neat RTILs were clearly underestimating literature data [16, 17, 18, 19, 20, 21, 22] [19, 20, 21, 22 ] scattered considerably and were only partly determined at 25
• C. Viscous sample densities measured with vibrating-tube densimeters are affected by damping [23] . In the present case absolute deviations between measured densities and values corrected for the damping effect are in the range of 0.15 (ρ − ρ corr )/kg m −3 0.27, which is a factor of 3 to 5 larger than the claimed uncertainty in ρ. However, we abstain from giving corrected densities because the uncertainty in f corr cannot be properly assessed. Also, 4 %) and thus do not affect the discussion.
Dielectric Spectroscopy
Spectra of the total complex permittivity,η(ν) [24] , were measured in the frequency range 0.2 ≤ ν/GHz ≤ 20 using a frequency-domain reflectometer based on a Hewlett-Packard (HP) model 8570M dielectric probe connected to a HP 8720D vector network analyzer (VNA) [25] . The temperature of the VNA probe and the sample were controlled to (25.00 ± 0.05)
• C. Two sets of spectra were measured using independent calibrations with air, mercury and benzonitrile as primary calibration standards. Raw VNA data were corrected for calibration errors with a complex Padé approximation [26] 4 ]#2 revealed that the spectra of the two samples agreed within experimental accuracy.
To obtain the dielectric spectrum,ε(ν), the experimentally-determined total permittivity,η(ν), was corrected for the loss contribution arising from the DC conductivity, κ, according tô
where ε 0 is the permittivity of free space. In eq. (1), ε ′ (ν) is the relative permittivity, showing a dispersion from its static (ν → 0) value, ε, to the high-frequency (ν → ∞) limit, ε ∞ . The associated dielectric loss, ε ′′ (ν), expresses the energy dissipation within the sample. For reasons discussed elsewhere [27, 28] , κ was treated as an adjustable parameter in the fitting procedure. The values of κ so obtained were always close to those found by conventional measurements. Due to the high conductivity of the samples the minimum frequency applicable in the data-fitting procedure was slightly higher (ν min ≈ 0.5 GHz) than the low-frequency limit of the VNA (0.2 GHz) [29, 30] . The relative uncertainties of ε ′ (ν) and ε ′′ (ν) are 4 %. Typical experimental spectra are shown in Fig. 1 .
For the formal description of the spectra, various relaxation models based on the sum of n individual relaxation processeŝ
were tested using a non-linear least-squares routine that simultaneously fitted ε ′ (ν) and ε ′′ (ν). Each dispersion step j, of amplitude S j and relaxation time τ j , was modelled by a Havriliak-Negami (HN) equation with relaxation-time distribution parameters 0 ≤ α j < 1 and 0 < β j ≤ 1 or by its simplified variants, the Cole-Davidson (CD, α j = 0), Cole-Cole (CC, β j = 1) or Debye (D, α j = 0, β j = 1) equations [24, 31] . The quality of the fit was judged by the reduced error function, χ 2 r [28, 32] . Consistent with previous investigations of neat RTILs over the wider frequency range of 0.2 ν/GHz ≤ 89 [30] , the best fit was found by adopting a Cole-Cole relaxation centered around 3 GHz and an additional Debye relaxation at higher frequencies. Fits assuming a single process, described for M A N U S C R I P T • C: static permittivity, ε; relaxation time, τ 1 , Cole-Cole width parameter, α 1 , amplitudes, S 1 & S 2 , infinite-frequency permittivity, ε ∞ , and reduced error function, χ 2 r . For all fits the relaxation time of the high-frequency Debye mode was fixed to τ 2 = 1.5 ps (see text). Table 2 , which also lists the static permittivity of the samples, ε = n j=1 S j + ε ∞ .
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Results
The dielectric relaxation of pure imidazolium RTILs is rather complicated. Theε(ν) spectra are dominated by a relaxation centered at ∼ 3 GHz, which can be mainly attributed to the reorientation of the dipolar [emim] + cations [4, 28, 29, 30, 33] . This is the major contribution to the presentε(ν) in the region 0.2 ν/GHz ≤ 20 and is the focus of our discussion.
Additionally, all imidazolium RTILs studied so far show significant contributions from intermolecular vibrations in the 0.1-10 THz region [29, 33, 34, 35] . For ionic liquids having anions with sufficiently high dipole moments a further mode at ∼ 10 GHz can be detected [36] . The dicyanamide anion has a small dipole moment of µ ≈ 1 D [37] , however, as found in a previous investigation covering a larger frequency range [30] , no separate anion relaxation could be detected for [emim] [DCA]. On the other hand, as indicated by the the superiority of the CC+D fit over the HN model in terms of χ 2 r , the low-frequency wing of the intermolecular vibrations significantly contributes toε(ν) (Figure 2 ) and was accordingly taken into account in the fitting procedure.
Compared with theε(ν) data for the neat RTILs, covering the frequency range 0.2 ν/GHz ≤ 89 [30] , the present spectra, limited to ν ≤ 20 GHz, yield a slightly larger static permittivity. However, the increase was well within the estimated uncertainty: 0.6 ≤ |δε| ≤ 1.5 ( Figure 3) . Note that δε increases with decreasing [emim] [DCA] mole fraction, x 2 , due to the shift of the CC loss peak to lower frequencies (Figure 1) . The corresponding variations of τ 1 and α 1 were also well within their estimated uncertainties. It can thus be safely concluded that the data of Table 2 The obtained static permittivities, ε (Fig. 3) , and relaxation times, τ 1 , of the mixtures varied smoothly with concentration and were well described by the second order polynomials ε = 14.7 − 4.71 x 2 + 1.10 x 4. Discussion
Excess Properties
To infer specific intermolecular interactions between the components of binary mixtures it is common to use excess quantities, Y E , which describe deviations from ideal mixing behaviour. Strictly speaking, ideal (and hence excess) quantities are unambiguously defined only for thermodynamic properties. However, it is convenient to extend the concept to other properties, where "ideal" behaviour is usually taken to be "simple linear mixing" with respect to a given concentration scale. For thermodynamic state properties the approach
is appropriate, where Y and Y i are the values of the thermodynamic property of the mixture and of the neat components, i, respectively, and the ideal property, Y id , is defined by the bracketed term in eq. (8) . This leads for example to the relationship
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between the excess molar volume, V E , and the experimental densities of the mixture, ρ, and the pure components, ρ i , where M i is the molar mass of components i.
Excess permittivities, ε E , excess conductivities, κ E , and excess molar volumes, V E , were calculated via eqs. (8) , respectively (9), from the corresponding data in Tables 1 and 2 . Their relative values, Y E /Y id , are shown in Figure  4 . Note that calculation of ε E with eq. (8) requires constant ε ∞ (x i ) [38] . This condition is sufficiently fulfilled here, see Table 2 .
The viscosity of an ideal mixture is not uniquely defined and various empirical models can be found in the literature [39, 40] . Within the accuracy of the present data (Fig. 5) η shows "ideal" behaviour according to the definitions of Bingham [41] 
and of Grunberg and Nissan [42] ln
Neglecting the small effect of converting dielectric relaxation times to rotational correlation times, τ 1 should be proportional to viscosity if rotational diffusion of individual dipoles is the mechanism for the observed RTIL relax-
ation [24] . Thus, "ideal" mixing behaviour of τ 1 should follow the equation
The corresponding relative excess relaxation times,
, are also included in Figure 4 . Absolute values of τ E obtained for the alternative definition of "ideal" mixing,
were ∼ 40% smaller but nevertheless beyond experimental uncertainty. (10) or (11)]. The excess volume was always positive but values were very small (V E /V id ≤ 0.1 %, Figure 4) . Thus, the slight decrease of dipole density associated with V E cannot explain the marked negative values of ε E . Pronounced "excess" properties peaking at x 2 ≈ 0.45 were observed for conductivity, κ, and relaxation time, τ 1 , with a maximum for the former and a minimum for the latter (Figure 4) , suggesting enhanced translational (κ) and reorientational (τ 1 ) dynamics in the binary mixtures relative to the "ideal" mixture behaviour.
Interpretation of Relaxation Parameters
The investigated RTIL mixtures share a common cation ([emim] + ). The only differences among these mixtures -with possible implications on their structure and dynamics -must therefore arise via the anions. Tetrafluoroborate (BF τ 1 , α 1 ) . This mode could be unequivocally assigned to the cation [28, 29, 30, 43, 44] . However, even for the neat imidazolium RTILs this mode has been shown not to be due to the uncorrelated rotational diffusion of individual cations but to reflect static dipole-dipole correlations (i.e. structure) and cooperative dynamics [28, 30, 36, 45] dominated by cation reorientation through largeangle jumps [46] . It should be noted that, whilst interactions in RTILs and their mixtures are undoubtedly dominated by direct cation-anion contacts, the existence of individual long-lived ion pairs can be excluded [47] .
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Some information on these interactions is accessible from the effective dipole moment, µ eff , calculated from the amplitude S 1 of the observed relaxation via 2ε + 1
where N A and k B are the Avogadro and Boltzmann constants, c + the molar concentration of cations and T the thermodynamic temperature [48, 49] . The quantity µ eff = g 1/2 µ app is given by the product of the apparent dipole moment of [emim] + , µ app , and the correlation factor g indicative of mutual alignment of the dipoles [24, 37, 48, 49] . In addition to the dipole moment of the isolated ion, µ ≈ 2 D, µ app incorporates cavity-and reaction-field contributions from the environment, so that generally µ app > µ [37] . Figure 6 shows that µ eff of the investigated mixtures increases linearly (14), explains why the quadratic expression, eq. (3), was found for ε(x 2 ) and why the resulting ε E values are < 0 despite the negligible excess volumes (Figure 4) . The linear change of µ eff implies a smooth transition from the liquid-state structure of [emim] [DCA] to that of [emim][BF 4 ] and rules out structural features, such as well-defined aggregates, that would be specific to the binary mixtures but not to the pure RTILs.
For imidazolium RTILs containing a common cation, µ eff depends on the anion even when the latter has zero dipole moment [30] + at infinite dilution and revealed strong parallel alignment (g = 2.7) of the cation dipoles and anti-parallel orientational correlations among the anions in the pure RTIL [36] . Using the above value for µ app ([emim] + ), correlation factors g = µ + and DCA − ). Additionally, the values of µ app,i may vary somewhat with changing composition due to the change of the embedding environment. Nevertheless, these data suggest, for both RTILs, a preference for anti-parallel alignment of [emim] + dipoles. The lack of a separate dicyanamide relaxation indicates that the dipole moments of DCA − essentially self-cancel in the liquid. This may either come from anti-parallel anion-anion alignment or, more likely, through cation-anion cross correlations.
Structural information inferred from dielectric data is inevitably indirect but it should be consistent with molecular-level scenarios provided by computer simulations. Recently, de Andrade et al. [50] performed a detailed analysis of the structure of liquid [emim] [BF 4 ]. According to these simulations the local environment of the cations is characterized by the stacking of [emim] + in the z-direction perpendicular to the imidazolium rings, whereas the counterions are located in the equatorial planes. A marked preference M A N U S C R I P T
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for parallel and anti-parallel mutual orientations of the rings was observed, signifying pronounced stacking over several layers. Such a structure is compatible with the present dielectric data. According to the simulations, the dipole moments of the stacked cations show essentially random orientation in the xy-plane which contrasts somewhat with the present results as the correlation factor of g = 0.72 suggests a small preference for an anti-parallel alignment of cation moments. However, it should not be forgotten that the stacking-induced restriction of "allowed" configurations of neighbouring dipoles to essentially two dimensions affects g.
The salt [emim] [DCA] was studied by Schröder et al. [51, 52] . These simulations yielded almost isotropic radial distribution functions and the authors concluded that no preferred mutual orientation exists in this RTIL. This contrasts markedly to the present result, where the value of g = 0.44 hints at a rather pronounced mutual cancelation of dipole moments that almost certainly involves cations and anions. Although a quantitative comparison of experimental and simulated dielectric spectra is not appropriate, it should be noted that the simulations yielded a contribution from dipole reorientation, S 1 ≈ 3, which is considerably smaller than the present experimental value of ∼ 9 ( Table 2) . It is thus likely that the potential used by Schröder et al. [51, 52] does not adequately reproduce the structure of liquid [emim][DCA].
As indicated above, the linear variation of µ eff with mole fraction x 2 suggests a smooth transition of the RTIL structure going from the BF − 4 to the DCA − salt. This also implies that the local structures of the neat liquids, sensed as dipole-dipole correlations by dielectric spectroscopy, should not be too different. Support for this conclusion comes from the linear ("ideal") variation of the Cole-Cole parameter, α 1 . The dynamics of imdazolium RTILs are thought to be heterogeneous and dominated by large-angle jumps of the dipolar cations [45, 46] , with α 1 being a measure for the spread of environments experienced by the relaxing dipoles. According to the decreasing values of α 1 with increasing x 2 (see Table 2 4 ]. This is consistent with the inference from the g values that the former should be relatively more structured compared to the latter, where g is closer to unity.
However, this raises the question why are η and τ 1 smaller and κ larger for . A similar dimeric structure for the dicyanamide would probably facilitate viscous flow, ion diffusion and cation reorientation and simultaneously allow anti-parallel dipole-dipole correlations in cation-cation and cation-anion pairs. One may speculate further that, in the mixture, the packing mismatch between large stacks and dimers of cations -possibly forming a "random co-network" in the sense of Xiao et al. [13, 14] -further increases the dynamics and leads to the observed excess effects for τ 1 and κ (Figure 4 ).
Concluding Remarks
The • C in the frequency range 0.2 ≤ ν/GHz ≤ 20 were well fitted by a ColeCole relaxation at ∼ 3 GHz, mostly associated with cation reorientation, and an additional Debye relaxation at ∼ 100 GHz representing the low-frequency wing of much higher frequency intermolecular vibrations.
The negligible excess volumes, as well as "ideal" viscosities, effective dipole moments and CC broadness parameters, suggest a gradual change of the liquid structure between the end members. On the other hand, enhanced rotational (τ 1 ) and translational (κ) dynamics were observed for these mixtures.
The µ eff values of the neat components suggested strong anti-parallel dipole-dipole correlations among the cations especially for the dicyanamide salt. The present data for [ 6. Acknowledgements.
A C C E P T E D
M A N U S C R I P T
